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Introduction
Glucagon-like peptide-1 (GLP-1) is a potent glucose-dependent insulinotropic hormone, which assists in glucose homeostasis by increasing insulin and reducing glucagon secretions (1) . It also inhibits
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International Publisher gastric motility, enhances the satiety and stimulates glucose utilization in the peripheral tissues (1, 2) . GLP-1 has important pleiotrophic actions both on mature β cells and ductal cells. It has been reported to promote β cell regeneration, suppress its apoptosis, and stimulate insulin gene transcription (1, 3, 4) . Thus, GLP-1 is beneficial for the islet β cells in terms of both their quantities and functions.
Toft-Nielsen et al. (5) found that the fasting GLP-1 (FGLP-1) level in patients with type 2 diabetes mellitus (T2DM) did not decrease significantly compared to that in normal glucose tolerance (NGT) group. However, the following 4-hour mixed meal tolerance tests indicated that the postprandial GLP-1 levels, the area under the curve (AUC) and the GLP-1 increments were significantly lower as compared to that of NGT group. And for the participants with impaired glucose tolerance (IGT), those levels were in between the above mentioned two groups (the NGT and T2DM groups). Nonetheless, previous studies regarding to GLP-1 level in pre-diabetic or diabetic populations were not concordant (3, 4, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . The divergence may result from the sample size, the participants with different durations of diabetes mellitus (DM) and the pre-diabetic categories (i.e. whether or not all of the pre-diabetes (PD) individuals with isolated impaired fasting glucose (IFG), isolated IGT or IFG combined IGT (IFG+IGT) were included). Otherwise, diverse hyperglycemic conditions and different durations of PD and DM may lead to the divergence in the β cell function and insulin sensitivity (IS) and may further result in the divergence of the GLP-1 levels. In the presenting study, we investigated the total FGLP-1 and total 2-hour GLP-1 (2hGLP-1) concentrations in the serum during the 75g glucose oral glucose tolerance test (OGTT) among persons with NGT, isolated IFG, isolated IGT, IFG+IGT and newly-diagnosed diabetes mellitus (NDDM). And the relationships between the total GLP-1 and β cell function, insulin resistance (IR) and IS were also evaluated.
Materials and Methods

Subjects and study protocol
This study selected 2502 out of 2950 participants with the age of 35 and above, who underwent the routine health examination in our hospital, from October 2007 to April 2011. All participants were of Chinese nationality and from the Han ethnic group. An informed consent was taken from every participant before the study. A 75g glucose OGTT was given to every participant. Based on their OGTT results, the participants with isolated IFG (n=98), isolated IGT (n=101), IFG+IGT (n=104) and NDDM (n=105) were selected. Subsequently, the normal control group (n=123) with matched age and gender was randomly selected from the remaining 2094 participants with NGT. All subjects were free from known history of DM, thyrotoxicosis, gastrointestinal diseases, malignancy, serious hepatic diseases and/or abnormal glomerular filtration rate. Those individuals who took drugs known to influence the glucose and lipids such as hypoglycemic or hypolipidemic treatment or glucocorticoids were excluded, except for those who took antihypertensive drugs. The entire study procedure was approved by the Medical Ethics Committee of West China Hospital of Sichuan University and conducted in accordance with the principles expressed in the Declaration of Helsinki (as revised in Edinburgh 2000).
Diagnostic criteria of NGT, PD and DM
The classification of different stages on the basis of their fasting plasma glucose (FPG) and 2-hour plasma glucose (2hPG) levels during the OGTT was in accordance to the diagnostic criteria given by American Diabetes Association (ADA) in 2006 (22) . NGT: FPG < 5.6mmol/l (100mg/dl ) and 2hPG < 7.8 mmol/l (140 mg/dl); IFG: 5.6 mmol/l (100mg/dl ) ≤ FPG ＜ 7.0 mmol/l (125 mg/dl) and 2hPG < 7.8 mmol/l (140 mg/dl); IGT: FPG < 5.6mmol/l (100mg/dl ) and 7.8 mmol/l (140 mg/dl) ≤ 2hPG ＜ 11.1 mmol/l (200 mg/dl); IFG+IGT: 5.6 mmol/l (100mg/dl ) ≤ FPG ＜ 7.0 mmol/l (125 mg/dl) and 7.8 mmol/l (140 mg/dl) ≤ 2hPG ＜ 11.1 mmol/l (200 mg/dl); DM: FPG ≥ 7.0 mmol/l (125 mg/dl) and/or 2hPG ≥ 11.1 mmol/l (200 mg/dl).
Methods
Anthropometric measurements, OGTT and specimen collection
Height, weight, waist circumference and blood pressure were measured in the basic ways (6, 7, 9) . A standard 75g glucose OGTT was conducted for each subject after an overnight fasting (longer than twelve hours). Blood samples were collected only at the 0 and 2 hours following OGTT, as most of the subjects were unwilling to accept the blood collections at 15, 30 and 60 min during their OGTTs. The blood used for the GLP-1 determinations was collected in tubes without any aprotinin, DPP-IV inhibitor or anticoagulant. After centrifugation at 4 ℃, all serum samples were stored at -80 ℃ till they were analyzed. And the storage time was not longer than two months per batch.
Biochemical measurements
The total cholesterol (TC), triglyceride (TG) and high-density lipoprotein cholesterol (HDL-C) concentrations (at the fasting state) and the plasma glucose (PG) levels (at each time point) were measured by a Bayer 560 automatic biochemistry analyzer with MAKER kits by the same laboratory technician. Glucose was measured by hexokinase method, while blood lipids were measured with automated enzymatic method or dextran sulfate-manganese precipitation. Insulin concentrations were detected by radioimmunoassay (RIA) with BNIBT kits (North Institute of Biological Technology, Beijing, China), of which the intra-assay coefficient of variation was below 10% and the inter-assay coefficient of variation was below 15%. The total GLP-1 levels were determined by enzyme-linked immunosorbent assay (ELISA) with USCNLIFE TM kits (Uscnlife Science & Technology Company, USA) , of which the intra-assay coefficient of variation was below 8.3%, inter-assay coefficient of variation was below 6.6%, and the sensitivity was typically less than 0.78 pmol/l.
Evaluation of islet β cell function, IR and IS
As this study only included blood samples collected at 0-and 2-hour following the OGTT, the homeostasis model assessment of β cell function (HOMA-β) (23) was used to evaluate basal insulin secretion. Meanwhile, we chose the HOMA assessment of IR (HOMA-IR) (23) to estimate IR at the fasting state. Both Gutt index (24) and Matsuda index (25) were analyzed for IS state before and after the glucose load. Formulas are as follows:
where F means fasting, 2h means the 2-hour point during an OGTT, PG (mg/dl in Matsuda index formula, mmol/l in other formulas) means plasma glucose, INS (mU/l) means serum insulin concentrations and BW (kg) means body weight.
Statistical analysis
Data analyses were carried out with SPSS 16.0 (Chicago, IL, USA). All data were expressed as means ± SD. After the distribution tests, variables with skewed distribution were logarithmically transformed for the same test again. ANOVA analysis was applied for parametric materials. Rank sum test was used for nonparametric materials. The comparison of constituent ratio was assessed by X 2 test. Spearman rank correlation analysis was used to explore the correlations between the total FGLP-1, total 2hGLP-1 levels, the incremental 2hGLP-1 (∆GLP-1) and HOMA-β, HOMA-IR, Gutt and Matsuda indexes. Multiple linear regression analysis was also performed to adjust the confounding factors for the total FGLP-1, total 2hGLP-1 and ∆GLP-1. The overall pvalue among all groups was two-tailed and a p-value less than 0.05 was considered to be statistically significant. Furthermore, the Bonferroni correction and the chi-square segmentation were used to adjust for multiple comparisons. Table 1 demonstrated the general characteristics of the subjects involved in this study. The age and the gender showed no significant differences among groups (P>0.05).
Results
Comparisons of general characteristics of diverse hyperglycemic conditions
Comparisons of plasma glucose, serum insulin, total GLP-1 concentrations (at each time point) and ∆GLP-1 in different hyperglycemic conditions
As indicated in Table 2 , there was significant difference for each parameter among the groups (P<0.05). Multiple comparisons results between the groups were as follows: [1] . FPG: NGT and isolated IGT groups < isolated IFG group < IFG+IGT group < NDDM group (P<0.005); [2] . 2hPG: NGT and isolated IFG groups < isolated IGT group < IFG+IGT group < NDDM group (P<0.005); [3] . Fasting insulin (FINS) concentrations: NGT group < isolated IFG, isolated IGT, IFG+IGT and NDDM groups (P<0.005); [4] . 2-hour insulin (2hINS) concentrations during the OGTT: NGT group < isolated IFG group < isolated IGT, IFG+IGT and NDDM groups (P<0.005); [5] . Total FGLP-1 levels: NGT, isolated IFG and isolated IGT groups > NDDM group (P<0.005), while isolated IGT group > IFG+IGT group > NDDM group (P<0.005); [6] . Total 2hGLP-1 levels: NGT, isolated IFG and IGT groups > IFG+IGT and NDDM groups (P<0.005); [7] . ∆GLP-1: NGT and isolated IFG groups > IFG+IGT and NDDM groups (P<0.005), while NGT group > isolated IGT group > IFG+IGT and NDDM groups (P<0.005).
Although the total FGLP-1 levels were not significantly different among NGT, isolated IFG and IGT groups, they reduced obviously in the IFG+IGT and NDDM groups (P<0.005), especially in the NDDM group. After the 75g glucose load, the total 2hGLP-1 concentrations were increased in all groups. No sta-tistical significance was found among the NGT, isolated IFG and IGT groups (P>0.005). However, the 2hGLP-1 levels in the IFG+IGT and NDDM groups were lower than that in the previous three groups (P<0.005). There was no significant disparity of ∆GLP-1 between the NGT and isolated IFG groups (P>0.005). But compared to them, the GLP-1 responses to the OGTT decreased significantly in the isolated IGT, IFG+IGT and NDDM groups (P<0.005). Moreover, there was no significant difference for ∆GLP-1 in the IFG+IGT and NDDM groups (P>0.005), however, it was manifestly lower than that in isolated IGT group (P<0.005). X2 test was applied for the gender compositions among the groups. Additionally, the chi-square segmentation was used to adjust the significance level for multiple comparisons between the groups (a'=0.005).
One-Way ANOVA analysis was used for height, weight, TC and logarithmically transformed TG among the groups; LSD analysis was used both for TC and logarithmically transformed TG in the multiple comparisons between the groups. Kruskal-Wallis H analysis was applied for age, BMI, waist circumference, SBP, DBP and HDL-C among the groups; Mann-Whitney U analysis was used for height, weight, age, BMI, waist circumference, SBP, DBP and HDL-C between the groups, and the Bonferroni correction was performed to adjust the significance level for multiple comparisons between groups (a'=0.005). *: vs. NGT, P < 0.005; †: vs. isolated IFG, P < 0.005; ‡: vs. isolated IGT, P < 0.005; §: vs. IFG+IGT, P < 0.005; ¶: vs. NDDM, P < 0.005. 
Comparisons of islet β cell function, IR and IS in different hyperglycemic conditions
The multiple comparison outcomes between the groups are showed in Table 3 . There were significant differences among all the indicators in different hyperglycemic conditions (P<0.05). HOMA-β, which reflects the basal insulin secretion at the fasting state, revealed the following relationship: NGT and isolated IGT groups > IFG+IGT group > isolated IFG group > NDDM group (P<0.005). HOMA-IR, which reflects the IR at the fasting state, revealed the following relationship: NGT group < isolated IGT group < isolated IFG group < IFG+IGT group < NDDM group (P<0.005). Gutt index, indicated that the IS both before and after the glucose loads were as follows: NGT group > isolated IFG group > isolated IGT group > IFG+IGT and NDDM groups (P<0.005). And Matsuda index, with the same meaning as Gutt index, revealed the following relationship: NGT group > isolated IFG group > isolated IGT group > IFG+IGT group > NDDM group (P<0.005).
These results showed that HOMA-β could not predict the different stages of hyperglycemic states between those groups. On the contrary, HOMA-IR can be representative of IR at the fasting state. And Matsuda index was better than Gutt index to evaluate the IS in participants with various glucose metabolic states. Table 4 indicated that there were some levels of correlation between the three GLP-1 measurements and the four evaluating indexes of all subjects (n=531). These results revealed that the total FGLP-1, 2hGLP-1 levels and ∆GLP-1 were directly proportional with the HOMA-β, Gutt and Matsuda indexes (P<0.05), while they were inversely proportional with the HOMA-IR (P<0.05). Thus, we could deduce that a higher level of total FGLP-1 resembles to a better β cell function, less IR and an increase in IS along with the total 2hGLP-1 level and ∆GLP-1 during the OGTT. But it is noteworthy that post oral glucose load, the relation between the total GLP-1 level and β cell function was not assessed in our research. NGT, normal glucose tolerance; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; IFG+IGT, IFG combined IGT; NDDM, newly-diagnosed diabetes mellitus; HOMA-β, the homeostasis model assessment of β cells function; HOMA-IR, the homeostasis model assessment of insulin resistance; Gutt, an insulin sensitivity index; Matsuda, a composite index of whole-body insulin sensitivity during the OGTT. Data are expressed as means ± SD. Kruskal-Wallis H analysis was assessed for the comparisons of all above indexes among the groups; Mann-Whitney U analysis was used in the comparisons between the groups. And the significance level had been adjusted (a'=0.005). *: vs. NGT, P < 0.005; †: vs. isolated IFG, P < 0.005; ‡: vs. isolated IGT, P < 0.005; §: vs. IFG+IGT, P < 0.005; ¶: vs. NDDM, P < 0.005. 
Spearman rank correlation analysis
Multiple linear regression analysis
Multiple linear regression model analysis for the total GLP-1 was applied to adjust for the possible confounding factors. For the regression analysis, we selected FGLP-1 and 2hGLP-1 as dependent variables respectively and gender, age, weight, height, BMI, waist circumference, SBP, DBP, TC, HDL-C, TG, PG and INS (at each time point) as independent variables simultaneously. Then a stepwise selection was adopted to obtain an equation that was fit for the statistical conditions and had statistical significance (p<0.05). In the first equation (adjust r 2 = 0.219, p<0.001), the total FGLP-1 levels was positively correlated with the HDL-C (p=0.037), but negatively correlated with the weight (p<0.001). And it showed that the female had a higher FGLP-1 concentrations than the male (p<0.001). In the second equation (adjust r 2 = 0.241, p<0.001), there was similar relevance between the total 2hGLP-1 levels and the HDL-C (p=0.002), weight (p<0.001) and gender (p<0.001) to the above one. Additionally, the 2hGLP-1 formula displayed a negative correlation between the GLP-1 level and SBP (p=0.015).
After that, the ∆GLP-1 was considered as the dependent variable, while FGLP-1 and 2hGLP-1 indicators were added into the previous independent variables group. Consequently, a new equation (adjust r 2 = 0.841, p<0.001) was obtained through the same selection pattern as before. It showed that there was a negative correlation between the ∆GLP-1 and TG (p=0.012).
The results of multiple linear regression analysis suggested that if subjects had the risk factors which increases IR such as abnormal lipid concentrations, heavy weight and the boosted SBP etc, the total FGLP-1, 2hGLP-1 and ∆GLP-1 levels after the oral glucose load may decrease significantly.
Discussion
The release of GLP-1following oral administration of nutrients (carbohydrates and lipids in particular) has two overlapping phases. The early (first) phase takes place within a few minutes after a meal and lasts for 30~60 min; while the delayed (second) phase continues for 60~180 min (1, 26) . Until now, there have been several controversies about the mechanisms of the early phase release. Some suggested that just after administration although nutrients are far away from the duodenum, GLP-1 as an intestinal signal material has a prior stimulatory effect on insulin secretion (1, 26) . Other studies suggested that, since the majority of the L cells lie in both of the distal jejunum and the entire ileum, this phase of GLP-1 release is likely to be mediated by hormones (e.g. glucose-dependent insulinotropic peptide (GIP) or gastrin-releasing peptide (GRP)) or neural signals rather than being directly contacted with nutrients and the intestinal tracts (26) . The second phase of prolonged secretion may be concerned with the direct actions on the luminal contents by the L cells in distal jejunum and ileum (1, 10, 26) .
In recent years, a few investigators have illustrated that there are numerous high-affinity GLP-1 binding receptors expressing on the insulin sensitive peripheral tissues (e.g. liver, skeletal muscle and fat cells) (1) . Several evidences also indicated that GLP-1 in those tissues may enhance their glucose utilizations for the inductions of lipid and glycogen synthesis. And the anabolic actions of GLP-1 are independent of insulin (1, 2) .
In the presenting study, the levels of total FGLP-1 and 2hGLP-1 during the 75g oral glucose loads did not change significantly among the subjects with NGT, isolated IFG and IGT. However, they decreased significantly in individuals with IFG+IGT and NDDM, who were accompanied with the more severe stages of glucose metabolism disorders. The ∆GLP-1 did not change in individuals with isolated IFG, when compared to the participants with NGT. But there were some significant reductions in the participants with isolated IGT, IFG+IGT and NDDM, especially in the latter two kinds. These findings were comparable to some previous research (5-7, 10-15, 19, 20) . The impaired total GLP-1 concentration and its response to glucose load may indicate that the GLP-1 defects are already present in PD patients, particularly in those with IFG+IGT. But its specific role in process to type 2 diabetes is still unknown.
However, a few scholars pointed out recently that the GLP-1 levels were not reduced in patients with IGT or type 2 diabetes (16) (17) (18) 21) . Though the cause and the mechanism for this discrepancy are not clear now, the possible major factors for it may be: [1] . Categories of PD. According to the diagnostic criteria of ADA in 2006 (22) , in some previous studies, the -IGT‖ individuals were actually consisted of the patients both with isolated IGT and IFG+IGT (16, 18) . And none of them (16) (17) (18) 21) included all the categories of PD (especially the isolated IFG and IFG+IGT). However, there was a complete classification of PD in this study. [2] . Course of disease. Various durations of DM would lead to different stages of glucose metabolism disorders and complicated situations of GLP-1 secretion. In the presenting study, the major focus was on the total GLP-1 release situation in the preliminary and initial stage of Chinese type 2 diabetes. So far, there is much less little information in this field. [3] .
Sample size. The sample sizes of some previous research (16) (17) (18) 21) were small (n = 14 ~ 48), and none of them brought all three subgroups of PD or NDDM into consideration. However, the presenting study was based on a large cohort of 303 PD and 105 NDDM (n=531). Moreover, in some other large-sampled research, i.e. Laakso et al.'s (6), there was a consistent conclusion as ours, which also revealed that the total GLP-1 release reduced in subjects with IFG, IGT or IFG+IGT. [4] . Treatments influence. In most of the previous studies, the subjects had taken the hypoglycemic therapies (5, (17) (18) (19) . However, many kinds of glucose-lowering medications have a positive effect on the GLP-1 release, such as metformin, thiazolidinedione and insulin etc (17, 18, 27) . In the presenting study, individuals with any anti-diabetic drug were excluded. Therefore, the data could reflect the natural alterations of total GLP-1 from NGT to PD, then to NDDM more properly.
In addition, there may be some other factors that lead to the divergent results: [1] . Sampling time. In some of the previous studies (5, 6, 17) , with postprandial or glucose stimulations, there were notable differences in terms of the release duration at the second phase (120~180 min). And the data in our study just reflected the secretion situation at this period. [2] . Detection methods. The total GLP-1 (all forms including intact GLP-1 and the degraded, non-insulinotropic form GLP-1) concentrations in serum during OGTT were detected in this study. The impaired GLP-1 release phenomenon was in accordance with most previous published reports, which were similarly measured total GLP-1 levels after OGTT (6, 20) .
The results of this study also suggested that the total GLP-1 levels (at each time point) and the 2hGLP-1 increments after OGTT were correlated to β cell function, IR degree and IS state. Furthermore, there was correlation between impaired GLP-1 release and risk factors of IR aggravation (or IS decrement), such as decreased HDL-C, increased TG, boosted SBP and heavy weight. The subjects with IFG+IGT and NDDM obviously had impaired insulin secretion, reduced IS and aggravated IR. Previous research suggested that the decrement of GLP-1 secretion might be related to IR or its risk factors, too (18, 21) . It is assumed that the earlier IR occurs, the more severe impaired GLP-1 secretion may appear. Meanwhile, the decreased GLP-1 release may induce the dysfunction of β cell, exacerbation of IR and decrease in IS. Subsequently, this may form a vicious circle which could constantly aggravate the glucose metabolism disorder. And the consequence, which demonstrated that the GLP-1 receptor agonists treatment could ameliorate both β cell function (28, 29) and IS (30, 31) , was consistent with our findings.
There were no detectable associations between the GLP-1 levels and ages, BMI or waist circumference as previous studies (17, 18) . It is possible that these general characteristics in our patients did not reach the sufficient ranges to influence GLP-1 secretion. And the selections of various statistical methods may lead to the diversities, too. But the relevance between GLP-1 secretion and the genders was in conformity with the previous reports (17, 18) .
The presenting study was lack of the information that could directly reflect the early phase of GLP-1 release since most subjects rejected to get blood collection at 15, 30 and 60 min during their OGTTs. This was one limitation of this study. Another limitation is that the mixed meal tolerance tests for the evaluation of GLP-1 were not chosen for the study.
In summary, the total FGLP-1 levels, which may be concerned with the basal insulin secretion, were similar in participants with isolated IFG and isolated IGT. These were also observed in the total 2hGLP-1 levels during a 75g oral glucose load. However, on the basis of the large cohort of NGT, PD (including all categories) and NDDM without any hypoglycemic therapy, this study suggested that the individuals with IFG+IGT and NDDM had the significant GLP-1 secretion impairment, who were in more severe hyperglycemic conditions than those with isolated IFG or IGT. Furthermore, the increment of 2hGLP-1 (after the oral glucose stimulation) was reduced in isolated IGT subjects, and which were reduced even more obviously in individuals with IFG+IGT and NDDM. Therefore, our results provide valuable information on the preventions and treatments options for Chinese patients with type 2 diabetes mellitus. glucose; IGT: impaired glucose tolerance; IFG+IGT: IFG combined IGT; NDDM: newly-diagnosed diabetes mellitus; DM: diabetes mellitus; T2DM: type 2 diabetes mellitus; NGT: normal glucose tolerance; IR: insulin resistance; IS: insulin sensitivity; HOMA-β: the homeostasis model assessment of β cell function; HOMA-IR: the homeostasis model assessment of IR; ADA: American Diabetes Association; RIA: radioimmunoassay; ELISA: enzyme-linked immunosorbent assay; GRP: gastrin-releasing peptide; GIP: glucose-dependent insulinotropic peptide.
